Dieldrin is an endocrine disruptor that accumulates in mammalian adipose tissue and brain. It induces convulsions due to its antagonism of the ␥-aminobutyric acid A receptor (GABA A R). We have previously reported that long-term exposure to dieldrin causes the internalization of the N-methyl-D-aspartate receptor (NMDAR) as a result of persistent GABA A R inhibition. Because the neurosteroids 17␤-estradiol (E2) and allopregnanolone are known to modulate the function and trafficking of GABA A R and NMDAR, we examined the effects of E2 and allopregnanolone on dieldrin-induced GABA A R inhibition, NMDAR internalization, and neuronal death in cortical neurons. We found that 1 nM E2 increased the membrane expression of NR1/NR2B receptors and postsynaptic density 95 but did not induce their physical association. In contrast, 10 nM E2 had no effect on these proteins but reduced NR2A membrane expression. We also found that exposure to 60 nM dieldrin for 6 d in vitro caused the internalization of NR1 and NR2B but not NR2A. Treatment with either 1 nM E2 or 10 M allopregnanolone prevented the dieldrin-induced reduction in membrane levels of the NR1/NR2B receptors. Furthermore, prolonged exposure to 200 nM dieldrin down-regulated the expression of NR2A; this was inhibited only by allopregnanolone. Although both hormones restored NMDAR function, as measured by the NMDA-induced rise in intracellular calcium, allopregnanolone (but not E2) reversed the inhibition of GABA A R and neuronal death caused by prolonged exposure to dieldrin. Our results indicate that allopregnanolone protects cortical neurons against the neurotoxicity caused by long-term exposure to dieldrin by maintaining GABA A R and NMDAR functionality. (Endocrinology 153: 847-860, 2012) 
T he persistent organochlorine pesticide dieldrin is an endocrine disruptor due to its interaction with estrogen receptors (ER) (1), including those found in neurons (2) . It produces convulsions after acute intoxication because it blocks the ␥-aminobutyric acid A receptor (GABA A R) (3) . Dieldrin is also considered an environmental risk factor in the development of Parkinson's disease (4, 5) and disrupts neuronal development by altering the expression of GABA A R subunits (6) . There is increasing evidence that long-term changes in glutamatergic and GABAergic neurotransmission eventually lead to regulation of N-methyl-D-aspartate receptor (NMDAR) expression and trafficking, which restores the homeostatic balance between excitatory and inhibitory synaptic activity (7) (8) (9) . We have previously reported that long-term exposure to dieldrin induces the internalization of the NMDAR in cerebellar granule cells and in cortical neurons as a consequence of permanent blockade of the GABA A R (10, 11) . These alterations may explain the cognitive and behavioral deficits observed in animals that are chronically exposed to dieldrin (12, 13) . However, the precise mechanisms underlying such impairments remain elusive.
On the other hand, the neurosteroids 17␤-estradiol (E2) and allopregnanolone are important for the development, maturation, and function of the central nervous system. These hormones are involved in brain processes such as reproductive behavior, memory, and neuronal survival. Moreover, these effects have been often related to their modulation of GABA and glutamate neurotransmission (14 -17) . For instance, E2 regulates GABA synthesis (18) and induces synaptogenesis and synaptic plasticity by increasing NMDAR membrane expression (19, 20) . Allopregnanolone is a metabolite of progesterone that acts as a positive allosteric modulator of the GABA A R (21) . Furthermore, both hormones are neuroprotective against different models of neurodegeneration, both in vivo and in vitro (14, (22) (23) (24) (25) (26) (27) (28) .
In the present work, we examined the ability of E2 and allopregnanolone to prevent the reduction in GABA and glutamate neurotransmission observed after long-term exposure to dieldrin. Primary cultures of cortical neurons (mainly composed of GABAergic and glutamatergic neurons) were used to evaluate the effects of the neurosteroids on GABA A R and NMDAR functionality after dieldrin exposure. The NMDAR is a heterotetramer composed of two NR1 and two NR2 subunits. Although the NR1 subunit is necessary for the cell membrane expression and functionality of the NMDAR, the NR2 (NR2A-D) subunit composition determines the calcium-permeable channel gating kinetics and the pharmacological properties of the receptor (29) . Different roles in synaptic plasticity, memory, neuronal survival, and excitotoxicity have also been attributed to NR2A-and NR2B-containing NMDAR (30 -32) . In addition, the interaction of NR2A and NR2B with the scaffold proteins postsynaptic density 95 (PSD95) and synapse-associated protein 102 (SAP102) determines the synaptic localization and trafficking of the NMDAR (33) . Thus, we evaluated the membrane expression of the NMDAR subunits NR1, NR2A, and NR2B and the scaffold proteins PSD95 and SAP102 after E2, allopregnanolone, and/or dieldrin treatment. Finally, we tested the neuroprotective action of these hormones against the neuronal death caused by dieldrin. We found that allopregnanolone, but not E2, prevented dieldrininduced neurotoxicity by maintaining GABA A R and NMDAR functionality.
Materials and Methods

Materials
Pregnant NMRI mice (16th gestational day) were obtained from Charles River, Iffa Credo (Saint Germain-sur-l'Arbreste, France). Dimethylsulfoxide (DMSO), dieldrin, E2, ␥-amino-nbutyric acid (GABA), L- 
Neuronal cultures
Primary cultures of cortical neurons were prepared from the cerebral cortices of embryonic d 16 NMRI mouse fetuses as described previously (11) . Animals were handled in compliance with protocol DMA1852 of the University of Barcelona, approved by the Generalitat de Cataluñ a, Spain, following European Union guidelines.
Chemical treatments
Stock solutions of each compound were prepared in DMSO and frozen in aliquots of 100 l. The final concentration of DMSO in the culture medium was less than 0.5%. Cultured neurons were treated with dieldrin at 2, 4, or 6 d in vitro (DIV) by adding the stock solution to the culture medium. The medium remained unchanged until the experiments were performed at 8 DIV (exposure for 6, 4, and 2 DIV, respectively). In some experiments, neurons were treated with dieldrin at 1-2 DIV, and the experiments were performed at 4 -5 DIV. Long-term or prolonged exposure to dieldrin is generally referred as exposure for 6 DIV, unless otherwise stated. The concentrations of dieldrin used for long-term experiments (60 and 200 nM, 6 DIV) were devoid of cytotoxicity (11) . With the exception of the cell viability assay, experiments with mature neurons in which a higher concentration of dieldrin (10 M) was used, were performed 2 DIV before neuronal damage was detected. Treatments with the neurosteroids E2 and allopregnanolone were normally applied from 6 -8 DIV, unless otherwise stated.
Membrane extraction and coimmunoprecipitation
Membrane extraction was performed as previously described (34) , with few modifications. In brief, cells grown on six-well plates were washed three times with ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 ). Protein extracts from three wells were used for each sample. The membrane samples were mixed with the same volume of 2ϫ sample buffer (Invitrogen) and boiled for 5 min. Supernatants from ultracentrifugation (cytosolic fraction) were diluted in 4ϫ sample buffer (Invitrogen) and boiled for 5 min.
Coimmunoprecipitation was performed as described previously (34 -36) , with few modifications. Briefly, similar amounts of protein (ϳ0.25 mg) from membrane extracts were prepared in a total volume of 750 l lysis buffer X-1 and then incubated overnight with gentle rocking at 4 C with 2 g of both anti-PSD95 antibodies [MA1-045 (lot no. 172-121) and MA1-046 (lot no. 173-138); Affinity BioReagents, Golden, CO] or 2 g anti-NR2B (71-8600, lot no. 1407642; Invitrogen).
Western blot
Before loading, the samples were boiled, and 50 g of protein from membrane fraction samples or 25 g from cytosolic fraction samples were subjected to electrophoresis as previously described (34 -36) . The antibodies used for immunodetection were mouse monoclonal anti-NMDAR1 (05-432, lot no. DAM1557769, 1:3000; Millipore, Billerica, MA), anti-PSD95 (MA1-046, 1:500), and anti-␣-spectrin (MAB1622, lot no. 24050176, 1:1000; Millipore) and rabbit polyclonal anti-NR2A (AB1555P, lot no. JC1650245, 1:500; Millipore), anti-NR2B (1:500), and anti-SAP102 (3733S, lot no. 1, 1:1000; Cell Signaling, Beverly, MA). A goat polyclonal anti-actin (sc-1616, lot no. H1010, 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA) was always used as a control of the amount of protein loaded. Secondary antibodies used for Western blot detection were antimouse (1:8000), antirabbit (1:10,000), and antigoat/sheep (1: 10,000), all horseradish peroxidase conjugated (Sigma).
Reverse transcription-polymerase chain reaction
Total cell RNA was purified following the method of Chomczynski and Sacchi (37) . RNA integrity and concentration were assessed by spectral analysis using a NanoDrop Spectrophotometer (Thermo Scientific, Wilmington, DE). Equal amounts of RNA (ϳ1 g) were retro-transcribed with Omniscript reverse transcriptase (QIAGEN, Valencia, CA) following the manufacturer's guidelines. To ensure that cDNA samples were not contaminated with genomic DNA, all samples were also incubated with a reverse transcription reaction mix lacking Omniscript reverse transcriptase. Amplification of each transcript was performed in 20 l of a PCR cocktail containing cDNA derived from 50 ng mRNA, 8 pmol of each primer, and 0.6 U KAPA Taq DNA polymerase (Kapa Biosystems, Woburn, MA). After incubation at 95 C for 5 min, 32 cycles of amplification (15 sec at 95 C, 30 sec at 62 C, and 40 sec at 72 C) or 30 cycles of amplification (15 sec at 95 C, 30 sec at 56 C, and 15 sec at 72 C) were performed for NR2A and GAPDH, respectively. The number of amplification cycles for each primer pair and cDNA preparation was set to ensure that no saturation occurred. Sense and antisense PCR primers were as follows: 5Ј-CCCACCTACTCAGGCCACTT-3Ј and 5Ј-CCGACTGTCCCTGGAGCAAT-3Ј (nucleotides 3664 -3683 and 4251-4232 in databank accession NM_008170.2) for NR2A and 5Ј-AACGACCCCTTCATTGAC-3Ј and 5Ј-TCCA CGACATACTCAGCAC-3Ј (nucleotides 144 -161 and 334 -316 in databank accession NM_008084.2) for GAPDH.
Determination of intracellular calcium concentration
The intracellular calcium concentration ([Ca 2ϩ ] i ) was determined by measuring Fluo-3 acetoxymethyl ester (Molecular Probes) fluorescence, as previously described (11) . This fluorescent probe is specific for the evaluation of glutamate receptor function (10, 11) .
[ 3 H]Flunitrazepam binding
The binding assay was performed on cells grown in 24-well plates as previously described (21) 
Cell viability
Cell viability was assessed by measuring the reduction of the colored formazan salt MTT by mitochondrial activity as previously described (11) .
Data analysis
Unless otherwise stated, data are presented as mean Ϯ SE of at least three experiments from independent culture batches, each one performed in triplicate. Statistical comparisons were made by one-way ANOVA followed by Dunnett's post hoc comparison test, and by two-way ANOVA followed by Bonferroni post hoc test when comparing two factors. The level of significance was set at P Ͻ 0.05. Graphics were created and statistical analysis performed using the software package GraphPad Prism version 4.0, 2003 (GraphPad Software Inc., San Diego, CA).
Results
Allopregnanolone and E2 prevented dieldrin-induced reduction of NR1 and NR2B membrane expression and NMDAR functionality
We have previously reported that exposure to dieldrin for 6 DIV reduces the number of NMDAR in the cell membrane as a result of persistent GABA A R inhibition (10, 11) . Because NR2A and NR2B are the most expressed NR2 subunits in mature cortical neurons (33, 29, 39) , we aimed to study the effects of prolonged exposure to dieldrin and/or to the neurosteroids allopregnanolone and E2 on NR1, NR2A, and NR2B membrane protein levels. Exposure to 60 nM dieldrin for 6 DIV reduced the membrane expression of the NR1 (Fig. 1A) and NR2B ( Fig. 2A ) subunits of the NMDAR. A simultaneous increase of NR1 and NR2B levels was found in the cytosolic fraction (Figs. 1B and 2B). No differences were observed in the total protein levels of NR2B from whole-cell homogenates (Supplemental Fig. 1 , published on The Endocrine Society's Journals Online web site at http://endo.endojournals. org), as we previously reported for NR1 (11) . These observations confirm that dieldrin induces changes in the localization but not in the overall expression of these NMDAR subunits, indicating that these subunits are internalized after pesticide treatment. Treatment with 1 nM E2 but not with 10 nM E2 increased the membrane expression of both NR1 and NR2B. Moreover, 1 nM E2 prevented the reduction in membrane expression of both subunits induced by dieldrin (Figs. 1A and 2A). However, E2 treatment did not prevent the increase in cytosolic NR1 (Fig. 1B ) and NR2B (data not shown) levels induced by dieldrin. In contrast, treatment with 10 M allopregnanolone had no effect on the membrane expression of any of the NMDAR subunits studied, but it inhibited the dieldrin-induced reduction in membrane NR1 and NR2B levels (Figs. 1A and 2A). Furthermore, allopregnanolone prevented the increase in the cytosolic levels of NR1 (Fig. 1B) and NR2B (Fig. 2B ). Exposure to 60 nM dieldrin for 2 DIV did not affect the membrane expression of any of NMDAR subunits studied, and a higher pesticide concentration (200 nM) was needed to achieve a significant effect (Supplemental Fig. 2 ). These results indicate that the effects of dieldrin on NMDAR are time and concentration dependent.
Because changes in the phosphorylation state of NR2B have been associated with alterations in its cellular location (40, 41) , we wondered whether tyrosine phosphorylation of NR2B was modified by dieldrin before this NMDAR subunit was internalized. Exposure to 60 nM dieldrin for both 2 and 4 DIV significantly reduced NR2B phosphorylation at Tyr1472 with respect to control cells (Fig. 2C) , suggesting that this posttranslational modification precedes the internalization of NR2B-containing NMDAR.
To confirm that the observed changes in NMDAR localization have functional relevance, we evaluated NMDAR function by measuring NMDA-induced increase in [Ca 2ϩ ] i . We have previously reported that exposure to 60 nM dieldrin for 6 DIV reduced the increase in [Ca 2ϩ ] i induced by NMDA (11) . Figure 3 shows that this reduction was prevented by treatment with either E2 (at 1 nM but not at 10 nM) or 10 M allopregnanolone (Fig. 3 ). In addition, 1 nM E2 enhanced the NMDA-induced increase in [Ca 2ϩ ] i with respect to control cells, unlike 10 nM E2 ( 
Allopregnanolone but not E2 inhibited the down-regulation of NR2A caused by dieldrin
Exposure to dieldrin for 6 DIV diminished NR2A membrane expression in cortical neurons in a concentrationdependent manner, achieving statistical significance at 200 nM (Fig. 4A) . Addition of allopregnanolone but not E2 restored the basal levels of NR2A at the cell membrane after dieldrin exposure (Fig. 4B) . Unlike NR1 and NR2B, the membrane expression of NR2A was significantly reduced after treatment with 10 nM (but not 1 nM) E2 (Fig.  4A) . However, no concomitant increase of NR2A in the cytosolic fraction was observed after dieldrin or E2 exposure (Fig. 4C ). This prompted us to examine the effect of dieldrin on NR2A mRNA levels. Analysis by RT-PCR showed that long-term exposure to 200 nM dieldrin caused the down-regulation of NR2A, this effect being reversed by allopregnanolone (Fig. 4D ).
E2 promoted PSD95 expression but not its association with NMDAR
Because PSD95 and SAP102 are the two main scaffold proteins that hold the NMDAR on the cell membrane (33), we wondered whether the effects of dieldrin and E2 on NMDAR subunits could be related to changes in the expression of these proteins. Figure 5 , A and B, shows that prolonged exposure to dieldrin (60 -200 nM) did not alter the membrane protein levels of PSD95 or SAP102. In contrast, treatment with 1 nM (but not 10 nM) E2 strongly increased the membrane expression of PSD95 (Fig. 5A) .
We then studied the association of PSD95 with the NMDAR subunits to determine whether the effects of E2 on PSD95 were accompanied by increased interaction with the NMDAR subunits. We also tested the possibility that dieldrin could disrupt the interaction between these proteins. Thus, we immunoprecipitated membrane extracts from our cultures with an antibody raised against PSD95 and subsequently analyzed the presence of NR2A and NR2B in the immunoprecipitates by immunoblotting. PSD95 was highly coupled to NR2A-containing ( Fig. 5C ) but not to NR2B-containing (Supplemental Fig. 4A ) NMDAR in our cultures. Moreover, long-term exposure to 200 nM dieldrin totally disrupted the physical association between PSD95 and NR2A (Fig. 5C ). These observations confirm that the effects of dieldrin are specific to NMDAR and are not a consequence of the general reduction of the PSD, i.e. neurodegeneration. However, although 1 nM E2 promoted the membrane expression of PSD95 (Fig.  5A) , this was not accompanied by increased interaction with NR2A (Fig.  5C ). Likewise, E2 did not induce any physical association between PSD95 and NR2B (Supplemental Fig. 4A ). Consistent with this, immunoblot analysis of the supernatants after immunoprecipitation with PSD95 antibody showed increased expression of the obligatory NR1 subunit in E2-treated cultures, confirming that E2 stimulated cell membrane insertion of NMDAR not associated with PSD95 ( Supplemental Fig. 4B ). Because SAP102 is the scaffold protein that usually holds NR1/NR2B receptors at the cell membrane in the adult cortex (33), we tested whether E2 could induce their association in our cultures. Thus, we performed immunoprecipitation of the NR2B subunit of NMDAR in membrane extracts followed by immunoblotting for SAP102. Figure 5D shows the physical association between NR2B and SAP102 in control neurons. E2 greatly enhanced the interaction between these proteins (Fig. 5D, top) , without altering the overall expression of SAP102 on the cell membrane (Fig. 5D, bot-FIG. 2 . Effects of neurosteroids on dieldrin-induced internalization of NR2B subunit of NMDAR. Cortical neurons were exposed to DMSO [control (C)] or 60 nM dieldrin (D60) for 6 DIV and to 10 M allopregnanolone or 1 nM E2 (E1) for 2 DIV (and combinations), and subsequently, the protein levels of NR2B and actin were analyzed on membrane (panel A) and cytosolic (panel B) fractions from the cultures by Western blot. Panel C, Cultures were exposed to DMSO or 60 nM dieldrin for 2-4 DIV, and the protein levels of phospho-NR2B (Tyr1472) and actin were analyzed on whole-cell extracts by Western blot. Representative immunoblots are shown on the top and densitometric quantification of the immunoblots is shown on the bottom of each panel. Data are mean Ϯ SE of three to six independent experiments. Statistical comparisons were made by two-way ANOVA: *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 vs. control; #, P Ͻ 0.05; ##, P Ͻ 0.01; ###, P Ͻ 0.001 vs. dieldrintreated cells.
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Allopregnanolone reversed GABA A R inhibition and neuronal death induced by dieldrin
We also tested the possible neuroprotective effects of allopregnanolone and E2 against dieldrin-induced neuronal death under different exposure paradigms, based on preliminary data from our laboratory. Cultured cortical neurons were exposed to 3-10 M dieldrin for 4 DIV beginning on DIV 2 (immature neurons; Fig. 6A ) or DIV 5 (mature neurons; Fig. 6B ). Treatment with 1 nM E2 was unable to prevent the neuronal damage caused by the pesticide, whereas 10 M allopregnanolone significantly attenuated dieldrin neurotoxicity, regardless of the maturity of the neurons in culture. In contrast, lower concentrations of allopregnanolone did not rescue cells from dieldrin-induced cell death, not even in the presence of GABA (Supplemental Fig. 5 ).
To determine whether the neuroprotective effect of allopregnanolone against dieldrin was due to its positive modulation of the GABA A R, we evaluated GABA A R function by measuring the ability of GABA to increase [ These results suggest that the protective effects of allopregnanolone against dieldrin neurotoxicity are most likely mediated through the modulation of the GABA A R.
Allopregnanolone prevented dieldrin-induced NR2B cleavage and loss of association with SAP102 in mature neurons
Finally, we tested whether the effects of dieldrin on NMDAR subunits were also observed in mature neurons before the onset of the neuronal damage produced by this pollutant. Thus, we exposed the cells to 10 M dieldrin for 2 DIV both in the absence and presence of allopregnanolone. As previously observed at lower concentrations, dieldrin reduced both NR2A and NR2B membrane protein levels (Fig.  7B ) and NR2A mRNA expression (data not shown), these effects being prevented by allopregnanolone (Fig. 7B) . However, on this occasion, there was no increase in cytosolic NR2B expression (data not shown). Conversely, a breakdown product of NR2B (ϳ120 kDa) appeared in cultures exposed to dieldrin. Again, this effect was reversed by treatment with allopregnanolone. In contrast, no truncated NR2A fragments were observed after dieldrin exposure (Fig.  7B) . Cleavage of NMDAR subunits is commonly triggered by calpains in neurons and heterologous cells (42, 43) . Both calpains and caspases degrade ␣-spectrin, a protein that links NMDAR to actin cytoskeleton (44) . Therefore, we measured calpain activity by determining the proteolysis of ␣-spectrin under the above conditions. Dieldrin exposure induced the calpain-but not caspase-dependent cleavage of ␣-spectrin (fragments of 150 and 120 kDa, respectively), this effect being prevented by allopregnanolone (Fig. 7C) .
We next wondered whether the interaction between NR2B and SAP102 was affected by dieldrin-induced NR2B proteolysis. Exposure to 10 M dieldrin for 2 DIV reduced the interaction of SAP102 with NR2B compared with control, this effect being prevented by allopregnanolone treatment (Fig. 7D, top) . In contrast, the membrane expression of SAP102 before immunoprecipitation remained unaffected in all conditions tested (Fig. 7D, bottom) .
Discussion
In the present study, we show that the neurosteroids allopregnanolone and E2 prevented the reduction in NMDAR functionality produced by long-term exposure to the endocrine disruptor dieldrin in primary cultures of cortical neurons. Moreover, the results provide insights into the mechanisms of neurotoxicity of dieldrin because this pesticide regulated NMDAR subunits in different ways, leading to the internalization of NR1/NR2B receptors and to down-regulation of NR2A. We also found that allopregnanolone reverses the effects of dieldrin on all the NMDAR subunits studied, whereas E2 had a compensatory effect only on NR1/ NR2B receptors and did not prevent their internalization (Fig. 8) . In addition, allopregnanolone but not E2 was neuroprotective against the toxicity caused by dieldrin through its positive modulation of the GABA A R.
Homeostatic scaling down of NMDAR induced by long-term exposure to dieldrin
The concentrations of dieldrin used were similar to those found in the human brain (4), illustrating the toxicological relevance of the data presented. We have previously reported that prolonged exposure to low concentrations of this pollutant produces partial but permanent blockade of the GABA A R (11). Disinhibition of synaptic activity induced by GABA A R antagonists initially causes hyperexcitability, which, if it persists, produces compensatory down-regulation of the postsynaptic response to glutamate over a 48-h period (45) . Furthermore, the homeostatic balance between GABA and glutamate neurotransmission, known as synaptic scaling, has been shown to involve NMDAR trafficking (7) . Here, we found that long-term exposure to dieldrin reduced the membrane expression of all the NMDAR subunits studied. These results confirm our previous observations in which NR1 immunostaining was lower in the plasma membrane and higher in the cytosol after long-term exposure to dieldrin (11) . Likewise, chronic treatment with other GABA A R antagonists has been shown to diminish NR1, NR2A, and NR2B membrane levels (9). In our hands, the NR1 and NR2B subunits were those that were first affected by dieldrin exposure. In addition, unlike NR2A, which was regulated at the mRNA level, these NMDAR subunits were internalized after dieldrin exposure. Overall, distinct mechanisms appear to be involved in the regulation of NMDAR subunits by this endocrine disruptor. NR2 trafficking is regulated by dual palmitoylation that can either cause retention in the Golgi apparatus or tyrosine phosphorylation-mediated membrane stabilization (46) . Activity-dependent phosphorylation of NR2B at Tyr1472 targets NMDAR to synapses (40, 41) . Moreover, association with PSD95 stops NR2A being internalized (47) and cleaved by calpains (42) . In agreement with previous studies (33), we found that PSD95 specifically interacts with NR2A-but not with NR2B-containing NMDAR in cortical neurons. In contrast, NR2B was physically associated with SAP102, which lacks palmitoylation motifs and so is unable to cluster and to prevent the calpain-dependent proteolysis of NR2 subunits (42) . The subunit-specific association with these scaffold proteins most likely explains why NR2B but not NR2A was internalized together with NR1 after dieldrin exposure. Consistent with this, NR2B undergoes more robust constitutive internalization (especially when located extrasynaptically) than NR2A (47) . Our results suggest that the reduced tyrosine phosphorylation of NR2B in dieldrintreated cells drives its translocation to extrasynaptic sites, as has been described to occur during epileptogenesis (40) . As a result of this, NR2B-containing NMDAR would be more susceptible of being internalized by clathrins (41, 47) .
The respective interactions of NR2 subunits with SAP102 and PSD95 may also explain why NR2B but not NR2A was degraded by calpains after exposure to dieldrin in mature neurons. Furthermore, the loss of association between SAP102 and NR2B observed after dieldrin treatment supports the idea that truncated NR2B subunits are no longer able to interact with scaffold proteins despite remaining on the cell membrane. The proteolysis of the NR2B but not the NR2A subunit by calpains in mature cortical neurons (43) and in vivo after ischemia or status epilepticus (48, 49) has been reported previously. However, the physiological or pathological role of truncated NR2B subunits present in the membrane remains unknown.
Although NR1 and NR2B are first expressed in cultured cortical neurons clustering at both synaptic and at extrasynaptic sites as early as 3 DIV, NR2A is almost undetectable up to 7 DIV but becomes predominant at the synapsis in mature neurons (39) . Furthermore, NR2A but not NR2B mRNA expression is dependent on synaptic activity mediated through NMDAR (50) . Thus, dieldrininduced internalization of NR2B-containing NMDAR precedes and maybe causes the disruption in the developmental up-regulation of NR2A observed at a higher concentration of pesticide. However, more studies are required to confirm this hypothesis. We recently reported that dieldrin mimics some of the effects of E2 in cortical neurons (2) . Therefore, another possibility is that dieldrin could modulate NR2A expression through an ERdependent mechanism. However, this is unlikely because the affinity of dieldrin for ER in cortical neurons is at least two orders of magnitude higher (ϳ30 M) (2) than the concentrations used here for long-term experiments (60 -200 nM).
Effects of E2 and allopregnanolone on GABA and glutamate neurotransmission
E2 positively modulates synaptic plasticity and enhances memory performance, these effects being associated with an increase in synaptic NR1, NR2B, and PSD95 protein levels in the hippocampus (15, 19, 20) . In contrast, NMDAR expression and binding in the cortex has been reported to decrease, increase, or remain unaffected after E2 treatment (27, 51, 52) . In the present study, we found that treatment for 2 DIV with 1 nM but not 10 nM E2 increased the membrane expression of NR1, NR2B, and PSD95. In contrast, 10 nM E2 reduced NR2A expression as previously described (27) , whereas 1 nM E2 did not. Thus, the conflicting results obtained by different studies may be due to the different doses of E2 used and to the different NMDAR subunits analyzed. In support of this, it has been reported that the effects of E2 on neuronal outgrowth in cultured cortical neurons show an inverted Ushaped dose-response curve and moreover that they depend on the cortical region (14) .
The long-term effects of E2 on NMDAR expression involve de novo protein synthesis as a result of nuclear ER transactivation (51, 52) . Furthermore, E2 treatment did not prevent the internalization of NR1 and NR2B induced by dieldrin. All together, these findings indicate that the mechanisms by which these compounds modulate NR2B-containing NMDAR differ. In addition, we found that the increase in membrane PSD95 levels induced by 1 nM E2 did not result in an increased association with NMDAR. Similarly, we have recently reported that the association between PSD95 and NR2B in the preoptic area is not modified in proestrus vs. diestrus or after E2 treatment of ovariectomized rats (35, 36) . Our results suggest different mechanisms for the regulation of PSD95 and NMDAR expression by E2. Consistent with this, previous studies have shown that E2 promotes PSD95 expression via the phosphatidylinositol 3-kinase/Akt pathway and ER␤ activation (15, 53) . On the other hand, activation of ER␣ is responsible for the E2-induced up-regulation of NR1/ NR2B receptors in hippocampal neurons, whereas both ER appear to contribute in the cortex (19, 52) . The expression of ER␣ and ER␤ in cortical neurons (2) would support the contribution of both isoforms in these estrogenic actions.
Although E2 treatment counteracted the reduction of NR1 and NR2B membrane expression and NMDAR functionality induced by long-term exposure to dieldrin, it did not protect cortical neurons from its neurotoxic effects. The inability of E2 to prevent both GABA A R blockade and subsequent NR2A down-regulation induced by prolonged exposure to this pesticide could reflect its lack of neuroprotective effects against dieldrin-induced neuronal damage. In addition, it has been reported that E2 has negative effects on cortical GABA levels (18) , which may also account for its lack of neuroprotection. In contrast, allopregnanolone reversed the inhibitory effects of dieldrin at the GABA A R and restored the functionality and membrane expression of the NMDAR. These positive actions on both GABAergic and glutamatergic neu- rotransmission may underlie the neuroprotective effect of allopregnanolone against dieldrin-induced cell death. Consistent with this, neuroprotection by allopregnanolone against both in vitro and in vivo models of ischemia has been related to GABA A R stabilization on the cell membrane (25) . Both acute and prolonged exposure to dieldrin block the GABA A R through its interaction with the t-butylbicyclophosphorothionate binding site (3, 11 (21, 54) . Thus, allopregnanolone most likely interferes with dieldrin binding to GABA A R, and as a result, this neurosteroid can prevent the negative regulation of NMDAR and the neuronal damage induced by long-term exposure to dieldrin. Accordingly, allopregnanolone was found to be anticonvulsant and neuroprotective against the noncompetitive GABA A R antagonist picrotoxinin (22, 55) , which shares the same binding site with dieldrin (3). Nevertheless, the allosteric properties of allopregnanolone at the benzodiazepine sites are lost after prolonged exposure (56), ap- 8 . Proposed model for the modulation of GABA and glutamate neurotransmission by dieldrin, E2, and allopregnanolone. A, Under normal conditions, cortical neurons express NR2A-containing NMDAR that are associated with PSD95 (and targeted to synaptic sites) and NR2B-containing NMDAR linked to SAP102, which are mainly located at extrasynaptic sites and so with a high rate of internalization. Some NR2B subunits are phosphorylated at Tyr1472, modification that targets the receptor to the PSD and impedes its internalization. B, The sustained inhibition of the GABA A R produced by dieldrin (through binding at the channel pore) causes a compensatory scaling down of NMDAR, which starts with a reduction on NR2B tyrosine phosphorylation and translocation of NR1/NR2B receptors to extrasynaptic sites, followed by an increased internalization rate of these receptors and a reduced NR2A expression. As a result of this, the increase in [Ca 2ϩ ] i in response to NMDAR activation is lower than in control cells. C, E2 increases the membrane expression of NR1/NR2B receptors (enhancing [Ca 2ϩ ] i rise in response to NMDAR activation with respect to control cells) and of PSD95, but it does not induce their interaction. D, E2 counteracts the reduction in membrane NR2B-containing NMDAR induced by dieldrin, but it does not prevent their internalization nor NR2A down-regulation. Although NMDAR functionality is similar to control cells, GABA A R function is still impaired. E, Allopregnanolone binds to the GABA A R, and it does not affect NMDAR functionality or subunit expression/localization. F, As an allosteric modulator, allopregnanolone produces conformational changes at the GABA A R that most likely impedes dieldrin binding to the receptor. Therefore, allopregnanolone restores GABA A R function in the presence of dieldrin and reverses the effects of the endocrine disruptor on NMDAR functionality and subunit expression/localization. Figures were produced using Servier Medical Art (http://www.servier.com/servier-medical-art).
Endocrinology, February 2012, 153(2):847-860 endo.endojournals.org 857 1 M, a full potentiation of GABA A R by 10 M allopregnanolone (21) was necessary to prevent the neuronal damage caused by this pesticide, as it was also the case for ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acidand NMDA-mediated excitotoxicity (24, 28) . The results indicate that the allosteric properties of allopregnanolone (present at nanomolar concentrations) are not sufficient to achieve neuroprotection against dieldrin toxicity, but the GABA-mimetic action is required.
Mechanisms of dieldrin neurotoxicity in cortical neurons
The neurotoxicity of dieldrin in dopaminergic neurons involves the production of reactive oxygen species and caspase-dependent apoptosis (5) . We have recently observed that the dieldrin-induced apoptosis of cerebellar granule cells is also mediated by caspases (manuscript in preparation). However, these proteases do not appear to be activated in cortical neurons after dieldrin exposure, as indicated by the absence of caspase-dependent spectrin degradation. In contrast, the 150-kDa fragment in the ␣-spectrin proteolytic pattern suggests that calpains were active before neuronal death was observed in dieldrintreated cortical neurons. Nevertheless, the results do not rule out the possible involvement of caspases in late stages of the neuronal damage caused by dieldrin, because the caspase-specific fragments of ␣-spectrin have been shown to appear later than calpain-dependent fragments after prolonged seizures (58) . Furthermore, excessive NMDAmediated calpain activation can trigger both proapoptotic pathways through the Bcl-2 family of proteins and necrosis, as has been reported after status epilepticus and oxygen-glucose deprivation (59, 60) . In this regard, allopregnanolone protects against different toxic insults through the modulation of Bcl-2 proteins (23, 28) . Overall, the involvement of cysteine proteases and the Bcl-2 family of proteins in both dieldrin neurotoxicity and neuroprotection by allopregnanolone deserves further investigation.
Suppression of NMDAR activity (as observed in long-term dieldrin-treated cells) can also trigger apoptosis in cortical neurons, which can be reversed by restoring synaptic activity (38) . In addition, NR2A-containing NMDAR appear to mediate the prosurvival effects of NMDA, whereas activation of NR2B-containing NMDAR results in excitotoxicity (31) . This might explain why prolonged exposure to dieldrin initially prevents glutamate excitotoxicity (11) but eventually leads to neurodegeneration at higher concentrations. All together, the results suggest that the regulation of NR2A expression plays an important role in the neurotoxic effects of dieldrin.
Concluding remarks
In summary, the present study shows that prolonged GABA A R blockade by dieldrin triggers the internalization of NR2B-containing NMDAR and also disrupts NR2A subunit developmental up-regulation. Both NR2A-and NR2B-containing NMDAR have a crucial role in cortical synaptic plasticity and memory (30, 32) . Therefore, the results presented here may contribute to our understanding of the molecular mechanisms underlying the cognitive and behavioral deficits found in animals after chronic exposure to this endocrine disruptor (12, 13) . In addition, the observed neuroprotective actions of allopregnanolone support its use as a potential therapeutic hormone against insults or neurodegenerative disorders in which GABAergic and/or glutamatergic systems are compromised.
